Sealing treatment for the porous titanium layers was performed in attempt to prevent cytotoxic nickel ions releasing from porous titanium plasma-sprayed Ni-Ti alloys due to the existence of chloride ions in the body liquid. Two types of sealants were used for this purpose, one was a group of biocompatible polymer resins and the other was metallic titanium. As polymer sealants, 4 kinds of resins (silicone, cyanoacryl resin, epoxy resin and polyamide resin) were used. The first three sealants were soaked into the porous coating layers after dilution by organic solvents, while the thermoplastic polyamide resin was melted and then penetrated into them. On the other hand, physical evaporation deposition (PVD) technique was employed for sealing with titanium metal. The effect of combination of the thickness of the plasma-sprayed layers and the amount of titanium deposited by PVD was investigated. The effectiveness of the sealants was evaluated by electrochemical polarization measurement. The adhesion test of the coating layer to the alloy substrate was also carried out. Among the polymer sealants, the polyamide resin showed excellent performance. As for the titanium PVD sealing, optimum combinations of the thickness of the coating layers and the amount of titanium PVD existed for both corrosion resistance and adhesion strength.
Introduction
Researches on the application of Ni-Ti shape memory alloys to implant materials have been conducted for promising high functional properties. [1] [2] [3] [4] [5] However, pitting corrosion may happen due to the existence of chloride ions in the body liquid and biocompatibility can be deteriorated by the dissolution of harmful Ni 2þ ions. 6, 7) The dissolved Ni 2þ ions are so toxic to human tissues that Ni-Ti shape memory alloy has not been used yet in practice. 8, 9) To prevent pitting dissolution, many attempts of the surface coating such as oxide formation, 10) TiN-PVD, 11) hydroxyapatite plasmaspraying, 12) etc. have been made. Recently, as modification of the alloy surface, plasma ion implantation technique has been developed. 13) The group that the author formerly jointed tried to coat the surface by a plasma-polymerized tetrafluoroethylene thin film, but good results could not be obtained because of rather poor adhesion to the alloy substrate. 14) In order to improve the surface treatment, the authors tried to coat the alloy surface with titanium metal by the plasma-spraying technique because metal coating seemed to have the strong adhesion force and moreover, the plasma-sprayed layers are so porous as to have high biocompatibility. However, although adhesion of the interface was satisfied, rather severe pitting corrosion was induced due to high porosity of the coating layers. 15) Therefore, improving of the plasma-sprayed samples was required.
The authors chose the method to seal the porous coating layers with biocompatible materials. Two types of sealing materials (organic polymers and titanium metal) were employed. In the case of polymer sealing, three kinds of commercial adhesives and a hot-melting resin were used. Pitting corrosion resistance of all the samples was determined by the electrochemical polarization measurement. Characterization of the sealed samples was performed by the observation with microscope and SEM after the polarization experiments and the atomic line analysis was also performed. In order to check the shape memory performance of the samples without exfoliation of the coating layers from the alloy substrate, a set of deformation and recovery test was performed especially in the titanium-metal sealing case and the optimum sealing conditions were determined.
Experimental
50 at%Ni-50 at%Ti shape memory alloy (M s ¼ 25 C, A f ¼ 30 C) rods with a diameter of 3.0 mm and a length of 50 mm were used as the substrate samples. One end of the sample was sharpened into a cone form. The plasma spray equipment used was made of Plasma-dyne Inc. A mixture of Ar and He was used as plasma gas. After sand blasting, the samples were sprayed with titanium powder of 5-20 mm in diameter while being rotated along the long axis so that the thickness of the coating layers was kept uniform. The thickness of the plasma sprayed layers was adjusted from 17 to 390 mm by controlling spraying time.
In the case of sealing with organic polymers, the three commercial adhesives of the reaction solidification type such as silicone, epoxy resin and cyanoacryl resin and a polyamide resin of the hot melt type were selected as sealants. They were sufficiently harmless polymers as biomaterials. [16] [17] [18] Because silicone and epoxy resin adhesives were too viscous to penetrate into the porous coating layers as they were, they were diluted by organic solvents such as acetone and carbontetrachloride and solidified after drying. The cyanoacryl resin that was known as an instantly solidifying adhesive was easily solidified before reaching the interface between the coating layer and the alloy substrate. Therefore, addition of a solvent was also needed to adjust solidification time. In this experiment, the degree of dilution by solvents to sealing performance was investigated. On the other hand, the polyamide resin with the melting point of 160 C was employed but was too viscous to penetrate deeply. In order to push the resin into the coating layer, re-melting treatment was done at 200 C for 5 hours in the furnace. In the case of titanium metal sealing, the physical vapor deposition (PVD) technique was employed. In a vacuum chamber, titanium powder was evaporated by heating and deposited on the rotating titanium-plasma sprayed rod samples. Since the surface of the samples was extremely rough, the quantity of the PVD layers could not be exactly estimated. Therefore, it was expressed as layer thickness corresponding to that on a flat surface. The thickness of the PVD layers was changed from 3 to 19 mm by controlling heating current and evaporation time. Combination of the film thickness of the plasma-sprayed layers and the amount of sealing titanium PVD was investigated.
In both cases, the sealing effect was evaluated by the electrochemical polarization measurement to decide whether pitting corrosion was suppressed or not. The potentiodynamic polarization measurement was conducted using a potentiostat in the Hanks' physiological solution (containing 0.14 kmol/ m 3 chloride ions) 19) at 40 C. The electrolyte was dearated by passing pure nitrogen gas. The electrolytic cell and the electric circuit are illustrated in Fig. 1 . After introducing a sample into the electrolytic cell and immersing it in the electrolyte for 5 minutes, the electrochemical polarization was carried out from À0:30 V vs SSE (the silver-silver chloride electrode) towards the anodic direction up to the potentials where anodic current abruptly rose up and then, the potential scanning direction was reversed downward to the potential where the current reached near zero (repassivation potential). The potential-scanning rate was kept at 0.25 V/ min. Whether the pitting dissolution broke out or not was determined from appearance of a hysteresis of the current between upward and downward potentiodynamic polarization curves. 20) Characterization of the samples after the polarization experiments was performed through the stereomicroscopic observation, SEM observation and EPMA analysis.
In order to examine the adhesive condition of the metal sealing layers to the alloy substrates after polarization experiment, a set of bend and recovery test was performed. The sample was bended by 15 degree at 20 C in the martensitic state and recovered above 40 C in the austenitic one. The surface situation was observed with a stereomicroscope. C. Figure 2 shows the polarization curves of the samples covered with Ti sprayed layers of 0, 80 and 220 mm in thickness as examples. In any case, there is a sudden increase of anodic current at a certain potential. Whether it is the pitting potential or not can be determined from the current hysteresis between the upward and backward scanning polarization curves. When the current of the latter is larger than that of the former, pitting dissolution seems to take place. 20) Therefore, all the samples suffered from the pitting dissolution. It can be also seen that the pitting potential of the Ni-Ti alloy sample with the 80 mm titanium coating layer became a little nobler than that of noncoating one. On the other hand, pitting potential of the sample covered with thicker titanium layer of 220 mm rather shifted in less noble direction. This result means that plasma-sprayed titanium layers cannot essentially prevent the pitting dissolution.
3.2 Sealing of the porous titanium-sprayed coating layer with organic polymer resins In order to improve the poor performance of plasmasprayed titanium layer against pitting dissolution, pores existing in it need to be sealed in this research. Three kinds of commercial organic polymer adhesives such as silicone, epoxy resin and cyanoacryl resin were selected and used. Polyamide resin was also used as an example of hot melting type resins. Since commercial silicone adhesives are generally too viscous to soak deeply into the fine pores in the coating layers, they need to be diluted by some suitable organic solvents. Carbontetrachloride was preferred in this case. The titanium-plasma sprayed alloy samples were once dipped for 30 minutes in the diluted silicone resin and then solidified in the air. However, carbontetrachloride was completely removed with a dryer from the coating layer because of its high toxicity. In this research, the effect of diluting degree by solvent on sealing effectiveness was examined. The anodic polarization curve for the sample sealed with 30 g/l-diluted silicone resin is shown in Fig. 3 as an example. An abrupt current increase can be observed at around 1.1 V on the forward polarization curve, but hysteresis between the forward and backward polarization curves is not observed. This means that pitting dissolution did not occur. The SEM image of a cross-section of this sample after the polarization experiment and its Ti and Si atomic line analyses by EPMA were taken and shown in Fig. 4 . The EPMA line analysis reveals the existence of the silicone only underneath the coating surface. It can also be seen that in the area where the silicon intensity marks a peak the titanium intensity fairly drops. The small ripples appeared in the titanium intensity curve likely reflect the pores in the titanium plasma-sprayed layer. The experimental results of the other samples are summarized in Table 1 .
A commercial two-liquid type epoxy resin adhesive was employed and tested as a sealing material. Both of the liquids were so viscous that they also needed to be diluted by acetone. There seemed to be an optimum point of dilution because of the two incompatible reasons. Dilution can promote the resin to soak deeply, while the amount of the resin becomes deficient to fill up the pores in the titanium coating layers. Figure 5 shows a typical polarization curve of titanium-coated Ni-Ti alloy sealed with epoxy resin. A current hysteresis was observed. Therefore, the pitting dissolution could not be blocked by sealing. From SEM observation and EPMA analysis, the epoxy resin was included only underneath the surface of the titanium coating layer. In order to assist the resin to soak deeper into the bottom of the Ti coating layers, the supersonic wave was applied during soaking process. The polarization curve of this sample is given in Fig. 5 . It can be seen that remarkable improvement was made. The sign of the pitting dissolution disappears on the curve. Figure 6 exhibits the SEM image and the EPMA analysis of the sample sealed with the epoxy resin with the assistance of the supersonic wave. The titanium intensity drops in the whole range of the coating. This means that the epoxy resin penetrated into the bottom of the titanium layer, but the drop of the Ti intensity is so small that it is doubtful that the pores were sufficiently filled with the epoxy resin.
The cyanoacryl resin adhesive is well known as an instant solidification adhesive and is a very mobile liquid. It solidified so fast that the resin cannot reach the bottom of the titanium coating layers. Therefore, some solvents were required to delay the solidification. Carbontetrachloride was a suitable solvent in this case. However, too much dilution leads to shortage of the resin in the pores of the titanium layers. In this research, the dilution by the solvent gave a strong effect on the polarization curves. It was found that dilution by ten-time quantity of the solvent gave the best result. The polarization curve of this sample was shown in Fig. 7 . The current is suppressed but the pitting dissolution still takes place. The SEM image and the EPMA-Ti line analysis of the cross section of this sample are given in Fig. 8 . The drop of the titanium intensity looks throughout the titanium coating, but it is not so strong. It seems that the quantity of the resin in the pores is not enough to fill up. As the case that solvent was not used, the hot-melt type polyamide resin was selected. The titanium-coated Ni-Ti alloy samples were dipped in the melted polyamide resin at 180 C for 30 minutes and then solidified at the room temperature. Figure 9 exhibits the polarization curve of the sample sealed with polyamide resin. No pitting dissolution can be observed on it. However, from the SEM image and the EPMA titanium-line analysis, it was found that the resin existed only underneath the surface of the titanium layer. In order to force the resin penetrate into the bottom of the porous titanium layer, heat treatment was performed after sealing by polyamide. When the polyamide resin-sealed sample was heated at 200 C for 30 minutes in a furnace, the resin in the titanium coating layer melted again and penetrated deeply. The polarization curve of this sample is shown in Fig. 9 . The SEM image and the EPMA titaniumline analysis were given in Fig. 10 . No pitting dissolution can be recognized and the current density in the passive region is approximately twice smaller than that of curve without heat treatment. Especially, the titanium intensity of EPMA is dropped deeply all over the titanium coating layer. It most likely means that the pores in the titanium coating were filled with the polyamide resin.
3.3 Anodic polarization measurement and surface observation of titanium plasma-sprayed Ni-Ti alloys sealed by titanium-PVD As another technique to seal the pores in the titanium plasma-sprayed Ni-Ti alloys, titanium metal was deposited in the pores by PVD technique. The purpose of using PVD is to let the evaporated metal atoms entered the channel of the pores existing in the plasma spray layers 21) and seal them rather than formation of a uniform layer on it. Changing the combination of the thickness of the plasma spray layers and the amount of the titanium by PVD, the pitting corrosion behavior of the samples was investigated by the anodic polarization. The thickness of the plasma-sprayed coating films was changed from 17 to 390 mm and the amount of the titanium-PVD was varied in expression of the layer thickness from 3 to 19 mm. Figures 11, 12 and 13 show the anodic polarization curves of the alloy samples coated with the typical three combinations of the layer thickness obtained in Hanks' physiological solution at 40 C, respectively. Figure 11 shows the polarization curves of the alloy coated with a combination of 33.5 mm plasma-sprayed layer and 8 mm PVD-deposited layer. The anodic current on the forward scanning is kept low but higher than that on the backward scanning. This means that the pitting dissolution did not occur and thus, this kind of sealing technique satisfied the protection of the substrate alloy from the pitting Effect of Plasma Spray and Surface Sealing Treatment of Ni-Ti Shape Memory Alloy Applying to Biomaterialsdissolution. However, when the thickness of the plasmasprayed layer was thickened, capability of the corrosion protection was reduced. As an example, the polarization curves for the alloy sample coated with a combination of 140 mm plasma-sprayed layer and 5 mm titanium-PVD layer is given in Fig. 12 . Since a current hysteresis between the forward and backward scanning polarization curves is observed, it means that the pitting dissolution took place at around 0.5 V. Therefore, this coating layer could not suppress the pitting dissolution. In the case of a combination of 220 mm plasma-sprayed layer and 10 mm titanium-PVD layer, as shown in Fig. 13 , a current hysteresis appears on the anodic polarization curves. The apparent pitting potential of 0 V and the anodic current is higher than those in Fig. 11 and Fig. 12 , respectively. The morphology of the samples after the polarization measurements was shown in Fig. 14. Figures Fig. 12 and Fig. 11 , respectively. It can be seen that there are some spots of corrosion products for the sample undergoing pitting dissolution (as shown in Fig. 12 ).
14(A) and (B) exhibit the surface of the samples used in
3.4 Deformation and recovery test of the plasmasprayed Ni-Ti alloy sealed with Ti The merit of shape memory alloys is to be easily deformed below their critical temperature (M s point) and to be recovered above the A f point. The coating films should be tightly attached to the substrates. In order to check the adhesive condition of the coating layers, a set of deformation (bending) and recovery test was applied to the titanium-PVD sealed coating samples after their polarization measurements. Figures 15(A) and (B) exhibit the surface stereomicroscopic One can see some macroscopic defects on the surface from this photograph. Figure 17 shows the surface photographs of the sample used in Fig. 13 after the deformation (A) and recovery (B) test. It is evident that the coating layer was destructed immediately by bending test.
Discussion
4.1 Pitting dissolution of titanium-plasma sprayed Ni-Ti alloy in a physiological solution As shown in Fig. 2 , it is obvious that the 50Ni-50Ti alloy suffered from the pitting dissolution above 0.2 V in Hanks' physiological solution at 40 C. Moreover, it was found that the titanium plasma-sprayed coating could not prevent the pitting dissolution of Ni-Ti shape memory alloy and the apparent pitting potential depended on the thickness of the titanium plasma-sprayed layers. The apparent pitting potential and the thickness of the titanium plasma-sprayed layer are plotted against the layer thickness in Fig. 18 . The maximum potential can be seen around 60 mm. This can be interpreted as follows. The porous plasma-sprayed coating layers have many channels connecting the distributed pores, some of which reach the bottom. The number of such channels statistically decreases with increasing the coating layer thickness up to 60 mm. Over 60 mm or so, however, microcracks seems to be produced during cooling from the high temperature above 2000 C in the plasma-spraying process.
21) The amount of the cracks seems to increase with increase of the coating layer thickness. These two opposite functions made a maximum around 60 mm. However, since the apparent pitting potential of the plasma-spraying coating shifts up to 0.2 V at most, the titanium plasma-spray is not a sufficient technique to suppress the pitting dissolution inside the body. A B 5mm 5mm 
4.2
Comparison of the sealing capability of the Tiplasma spray coating films among four kinds of organic resins For sealing of the porous plasma-spray coating layers, four kinds of organic polymer resins were used as sealants and their sealing effect was investigated. This is because the biomaterials were generally used at relatively low temperature of human body and the adhesives can play a role of both fillings and strong adhesion agents. The silicone, the epoxy resin and the cyanoacryl resin of the reaction solidification type adhesives needed dilution by some solvents for easily soaking into the porous coating layers or for adjustment of solidification time. Carbontetrachroride was suitable to dilution of the silicone resin but the silicon component was found only beneath the surface of the coating layer (Fig. 3,  Fig. 4) . As for the epoxy resin, although acetone was superior, the introduction of supersonic wave promoted the resin to soak into the bottom of the coating layer faster and deeper (Fig. 5, Fig. 6 ). In the case of the cyanoacryl resin, which is well-known as an instant solidification adhesive, dilution by carbontetrachloride was required to delay the solidification. The experimental result revealed that the resin penetrated into the bottom of the coating layer (Fig. 8) but prevention of pitting dissolution was not sufficient (Fig. 7) . This is probably because the resin was not taken enough in the pores due to too much dilution. As for the polyamide resin of a hot melting type, it was also too viscous in the melting state to penetrate into the porous coating layer. However, when the sample, which was once dipped in the melt and solidified in the open air, was heated again in a furnace above the melting point, it indicated good protection against pitting dissolution as shown in Fig. 9 . This is because the whole pores were filled with sufficient amount of the resin (Fig. 10) .
A summary of some parameters obtained from the polarization measurement was listed in Table 1 . The first column in the data section shows the concentration of the resin diluted by the solvent. The second column shows the corrosion current density determined by Tafel extrapolation from the polarization curves. The corrosion current densities are generally small and stable because the samples are in the passive state. The third column, E p (apparent pitting potential) is the potential at which the anodic current suddenly rose up. However, if E p is nobler than around 1.1 V and almost agrees with E R (repassivation potential), no pitting dissolution takes place. E p is the most significant parameter and the results obtained in this work show that it strongly depends on the sort of resin and the concentration of resin/solvent (mixing ratio of resin/solvent). The right hand side column indicates the suitable solvent for each resin mentioned above. It can be seen from the table that there exists an optimum concentration range of solvent for each resin. From Table 1 and the EPMA line analysis, the epoxy resin with the assistance of supersonic wave during soaking and the polyamide with heat-treatment gave the best results. In the case of the epoxy resin, however, release of very small quantity of harmful component is worried even after solidification 17) and acetone used for dilution possibly remains even after being removed by drying. Consequently, the hot melting polyamide resin is considered to be the best sealant.
Optimum conditions of thickness of titanium plas-
ma-sprayed coating layer and the PVD layer for pitting dissolution resistance and mechanical performance In order to seal the plasma-sprayed porous coating layers with titanium metal, the PVD technique was applied. An optimum combination of the thickness of the plasma-sprayed coating layer and the amount of the PVD on it was thoroughly studied. The sealing effect of the deposited titanium metal was investigated by the polarization measurement and the adhesion condition of the sealed coating layers to the alloy substrates was determined by a set of the deformation (bending) and recovery test. Including the typical experimental results already given in Fig. 11 to Fig. 13 and Fig. 15 to Fig. 17 , all the results are summarized in Table 2 . When the pitting dissolution took place, it is qualitatively written as ''Pitting'' and otherwise, written as ''No'' in Table 2 . The results of the deformation and recovery test are also represented as ''Crack'', ''Broken'' or ''OK''. The results of the polarization measurement indicate that the thickness of the plasma-sprayed layers need to be thicker than 25 mm and the amount of the PVD which was expressed as the film thickness for convenience need to be thicker than about 5 mm. On the contrary, the results of the deformation and recovery test revealed that the plasma-sprayed film was required to be thinner than about 100 mm and that of the PVD is necessary to be selected between 5 and 10 mm. This is probably because thicker plasma spray layers are easy to generate microcracks during cooling from extremely high temperature such as several thousands degree. Moreover, if the plasma-sprayed layers are very thin, the PVD-titanium can directly contact with the substrates. The PVD layers seem to have bad adhesion to the alloy substrates. 22) Therefore, the whole coating layer seems to result in exfoliation.
Comparison with other coated Ni-Ti alloys
Surface coating of Ni-Ti alloy with plasma ion-plated TiN and CVD-TiCN and their corrosion test in 1%NaCl solution at 37 C was first investigated by Kimura and Somura. 11) They reported that TiN and TiCN layers gave maintenance of good corrosion protection to the substrate showing high pitting potentials at around 1.2 V but application of external strain to the coated samples induced crack or destruction. Plasmaspray apatite coating was also attempted by Kimura for improvement of biocompatiblity.
23) It was found that biocompatibility was improved very much, but corrosion resistance could not be improved. Recently, surface modification of Ni-Ti alloy has been performed using the ion implantation technique. 13) L. Tan and Crone 24) performed oxygen plasma implantation on Ni-Ti alloy and reported that formed oxide layer played an important role for wearcorrosion resistance but could not distinctly improve pitting dissolution. 25) Recent study on plasma spray coating focuses on surface modification to improve biocompatibility. The substrate materials used are non-corrosive titanium or Ti6Al-V alloys in chloride solutions so that mechanical properties of the coating is most interesting point rather than corrosion protection of the substrate metals. 26) No sealing work of the plasma-sprayed films has been recognized in other studies. The surface modification by titanium plasmaspray coating with sealing treatment proposed in our study is promising as one of the ways to realize the practical use of the Ni-Ti shape memory alloy as an implant material.
Conclusion
In order to improve the corrosion protectiveness of porous titanium films sprayed on Ni-Ti alloy, sealing treatment was tried for the first time. Two types of sealants, 4 kinds of biocompatible organic polymers and titanium metal were employed. The sealing effect of the samples was evaluated by electrochemical polarization measurement and characterization of the coating films. In the case of titanium sealing, mechanical bending test was performed. The experimental results are as follows.
(1) Dilution by organic solvents is necessary for promoting three reaction-solidifying type resin adhesives to soak into the porous plasma-sprayed layers. Silicone and cyanoacryl resin could not completely penetrate into the porous coating layers but the epoxy resin could reach the bottom of the coating film with the aid of the supersonic wave. (2) As for the polyamide resin with thermoplastic nature, when the resin once absorbed in the layer was re-melted in the furnace above the melting point, it showed the most excellent sealing performance against pitting dissolution. (3) In the case of sealing by Ti-PVD, the polarization measurement in the physiological solution at 40 C revealed that the optimum combination of the layer thickness existed in the region where the plasma spray layer should be thicker than 30 mm and the physical vapor deposition layer thicker than 5 mm. (4) The results of the deformation-recovery test indicated that the plasma spray layers thicker than around 150 mm was cracked or broken. This is probably because microcracks were generated during rapid cooling from the extremely high temperature.
